Background: Acute Myocardial Infarction (AMI) is a life-threatening cardiovascular disease involving disruption of blood flow to the heart, consequent tissue damage, and sometimes death. Peptidomics, an emerging branch of proteomics, has attracted wide attention. Methods: A comparative peptidomic profiling was used to explore changes induced by acute ischemichypoxia in primary cultured neonatal rat myocardial cells. Analysis of six-plex tandem mass tag (TMT) labelled peptides was performed using nanoflow liquid chromatography coupled online with an LTQ-Orbitrap Velos mass spectrometer. Results: A total of 220 differentially expressed peptides originating from 119 proteins were identified, of which 37 were upregulated and 183 were downregulated in cardiomyocytes exposed to hypoxia/ischemia conditions. Many of the identified peptides were derived from functional domains of proteins closely associated with cardiomyocyte structure or AMI. Conclusion: Numerous peptides may be involved in process of AMI. These results pave the way for future functional studies of the identified peptides.
Introduction
Acute Myocardial Infarction (AMI) is a life-threatening condition associated with cardiovascular disease, and the rate of mortality within 30 days following a heart attack is high [1] . Incidence of myocardial infarction is around 208 cases per 100,000 personyears [2] . AMI has grown to become a major global health burden. Therefore, a deeper understanding of its molecular basis could facilitate the development of new diagnostic methods and therapeutic strategies.
Peptidomics is an emerging branch of proteomics that has attracted wide attention in recent years [3] . Peptidomics attempts to perform a quantitative and qualitative analysis of peptides in a given cell type, tissue or disease state. Through this method, a large number of both intracellular and secreted mammalian peptides have been identified [4] [5] [6] [7] [8] [9] . Peptides are important bioactive molecules in their own right. Many endogenous signalling molecules and hormones are sequence and structure-specific peptides. For example, neuropeptides are a large class of neuroactive messengers that are intimately involved in the regulation of many biological processes such as pain perception [10] , energy metabolism [11] and brain cognitive state [12] . A lot of hormones are endogenous peptides (e.g., insulin, growth hormone, erythropoietin). These small endogenous peptides play important roles in many physiological processes. Peptidomics has been succeeding in identifying endogenous bioactive peptides [13] [14] [15] . The challenge is identifying which are endogenous bioactive peptides and which are degradation products with no functional role.
Currently, peptidomic studies of AMI are very few. In the present study, we use primary cultured neonatal rat myocardial cells to explore the peptidomic changes induced by acute ischemic-hypoxia. A total of 220 differentially expressed peptides were identified (absolute fold change ≥1.5), of which 37 were upregulated and 183 were downregulated in cardiomyocytes following hypoxia/ischemia. Some of the identified peptides were derived from the domains of proteins associated with cardiomyocyte structure or AMI. We predict that these peptides are involved in AMI. Further, our results provide insight that will be useful for future functional studies of AMI-associated peptides and will give us deeper understanding about AMI at the cellular level.
Material and Methods
Culturing neonatal rat cardiomyocytes 1-3-day-old neonatal rats were purchased from the Animal Center in Nanjing Qing Long Shan, China. Rats were disinfected with 75% ethanol and hearts were removed and immediately placed in cold phosphate buffered saline (PBS, Wisent, CA). Hearts were then cut into pieces and digested using 0.4% Type 2 collagenase / 0.6% pancreatin (Sigma, USA). Digestion was terminated by house serum (HS, Sigma) and samples were centrifuged at 1000 rpm for 5 min. Cell pellets were resuspended in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) containing 5% fetal bovine serum (FBS, Gibco), 10% HS and 1.2% penicillin / streptomycin (Wisent). Cells were incubated at 37ºC for 120 min to separate cardiomyocytes and cardiac fibroblasts (CFs). After 2 h, cardiomyocytes in suspension were seeded onto cell gelatin coated culture plates (Sigma). To prevent the growth of CFs, media was supplemented with 30 µg/ml bromodeoxyuridine (BRDU, Sigma) [16] . Cell purity was evaluated by indirect immunofluorescence staining with a monoclonal anti-Troponin T antibody. Animal Care and Management Committee of Nanjing Medical University approved the whole study protocol.
Hypoxic-ischemic exposure
Cells were cultured for 4 days. CMs were randomly assigned to two groups. The growth media of the hypoxic ischemia group was replaced by serum-free DMEM. Hypoxia was achieved by using an AnaeroPack System anaerobic jar (Mitsubishi Gas Chemical, JPN) equipped with an AnaeroPack and a methylene blue indicator to monitor oxygen depletion. The AnaeroPack System can deplete the concentration of oxygen to <1% within 30 min [17, 18] . CMs were incubated for a further 1 h after anoxic conditions were reached. Meanwhile, the growth media of control group cells was changed to fresh normal DMEM with serum and cells were placed in an incubator (Thermo Scientific, USA) under normoxic conditions for the same length of time. Three independent experiments were carried out in our research.
Flow cytometry
Cell survival was evaluated by flow cytometry (BD ACCURI C6, BD Biosciences, USA) with propidium iodide staining (BD Biosciences). At the end of the hypoxia period, cells were digested with 0.25% trypsin (Wisent) and centrifuged at 1000 rpm for 5 min. After removal of the supernatant, cells were washed twice with PBS, then incubated with PI diluted in PBS for 10 min in the dark. Analysis was performed according to the relative fluorescence intensity of PI. Viable cells have a low fluorescence intensity and high forward scatter (FS).
Peptide extraction
Intracellular peptides were extracted as previously described [19] . To extract peptides, cardiomyocytes were seeded on 10-cm 2 plates and about 6 million cells were prepared for one sample. Media was aspirated completely and cells were added to 4 ml of 80% methanol cooled to -80ºC in advance. After a 20 min incubation at -80ºC, cells were agitated gently and centrifuged at 14000 g for 5 min at 4ºC. The supernatant containing peptides was transferred to a new eppendorf tube and the cell pellet was mixed with 500 µl of 80% methanol and centrifuged again. The resulting supernatant was filtered through a 10,000 molecular weight cut-off (MWCO) Amicon Ultra-15 membrane (Millipore, USA). Extracts were lyophilized (FreeZone, Labconco, USA) and stored at -80ºC. The concentration of total peptides/proteins was measured using the BCA protein assay (Pierce, USA).
SDS-PAGE and Coomassie blue staining
Peptides were separated by SDS-PAGE using a NuPAGE Bis-Tris Midi Gel (Life Technologies, USA) according to the manufacturer's instructions. Gels were stained for 15 min and destained overnight with 16.5% (v/v) methanol / 5% (v/v) glacial acetic acid.
TMT labelling and mass spectrometry
Before labelling, the quantity of peptides/proteins was normalized to 100ug in each sample. Six-plex TMT labelling (Thermo Scientific) was carried out according to the manufacturer's instructions. Briefly, 41 µL of anhydrous acetonitrile were added to each tube (0.8 mg of TMT reagents) at room temperature and the reagents were dissolved by occasional vortexing for 5 min. 41µL of the TMT Label Reagent were added to each 100µg sample carefully followed by incubation for 1h at room time. The reaction was quenched with 8µL of 5% hydroxylamine for 15 min incubation. Samples were then stored at −80 °C until further analysis. Three normal control samples were labelled with reagents 126, 127 and 128, and three hypoxia/ischemia samples were labelled with reagents 129, 130 and 131. Analysis of labelled peptides was performed on a nanoflow LC (Easy-nLC, ThermoFisher Scientific) coupled online with an LTQ-Orbitrap Velos mass spectrometer (ThermoFisher Scientific). Reverse-phase separation of peptides was performed on each sample using two mobile phases consisting of buffer A (5% acetonitrile (ACN); 0.1% acid formic (FA), buffer B (80% ACN, 0.1% FA). Reverse-phase separation of peptides was performed on each sample using two mobile phases consisting of buffer A (2% acetonitrile, 0.5% acid formic) and buffer B (98% acetonitrile, 0.5% acid formic). 96-91 % A and 4-9% B for 10 min, 91-67% A and 9-33% B for 100 min, 67-50 % A and 33-50% B for 30 min, 50-0 % A and 50-100% B for 10 min, 100 % B for 10 min, 95% A and 5% B for 10 min. As peptides were eluted from the microcapillary column, they were electrosprayed directly into the mass spectrometer at a voltage of 1.9 kV. Peptide analysis was performed on a LTQ Orbitrap Velos in datadependent acquisition mode. For each cycle, survey full-scan MS spectra (m/z 400-1800) were acquired by the Orbitrap with a mass resolution of 60,000. Each full scan was followed by selecting the 10 most intense ions for collision-induced dissociation (CID) fragmentation (collision energy 35%) and for higherenergy collisional dissociation (HCD) fragmentation (NCE 45%). The HCD dissociation mode generates TMT reporter peptide ions. Singly charged or unassigned charge states were rejected. The m/z isolation width of MS/MS fragmentation was set to 2 TH for ITMS and 1.2 TH for FTMS.
MS data analysis
Using in-house PEAKS software (version 7.0, Bioinformatics Solutions, Waterloo, Canada), MS/MS spectra were searched against a composite database containing rat protein sequences. A fusion targetdecoy approach was used for estimation of the false discovery rate (FDR) and was controlled at ≤1% (−10 log P ≥20.0) at both protein and peptide levels. Peptides were only selected if identified in two or more separate spectra. Peptide relative quantification was performed using the TMT labelling approach in the PEAKS Q module. Feature detection was carried out separately on each sample using the expectationmaximization algorithm. Peptides from different samples with identical characteristics were aligned using a high-performance retention time alignment algorithm. The identification results were chosen to attach as the last step of the TMT labeling quantification.
Bioinformatics analysis
The isoelectric point (PI) and molecular weight (MW) of peptides were obtained using the online PI/MW tool (http://web.expasy.org/compute_pi/). Gene ontology (GO) and pathway analyses were used to investigate the potential functions of peptide precursors. In general, the threshold of significance was defined by the P-value and false discovery rate (FDR). In order to categorize isolated peptides and their precursor proteins, results were also subjected to Ingenuity Pathway Analysis (IPA, Ingenuity Systems, CA) which identifies canonical pathways.
Statistical analysis
Data are presented as means ± SD. Student's t test and one-way analysis of variance (ANOVA) with repeated measurements were applied, when appropriate, to determine the statistical significance of the Flow cytometry using PI staining to assess cell survival rate at three time points (0, 1 and 2 h). There are no statistical differences at 0 and 1 h, but the rate at 2 h is ~15% lower than at 0 h (*p-value <0.05 vs. the 0 h group).
differences. Data analysis was performed by SPSS software version 21 (SPSS, USA). A value of P <0.05 was considered statistically significant.
Results

Identification of differentially expressed peptides
The purity of cardiomyocytes was identified by Immunofluorescence staining (Fig.  1) . We selected 1h as the ischemia exposure time point to avoid the release of cellular contents that would otherwise complicate the peptidomics analysis (Fig. 2) . Then a 10kDa MWCO membrance was used to remove most of high molecular weight protein. Coomassie blue staining confirmed that most macromolecular proteins had been successfully removed (Fig. 3A) . A statistical p value <0.05 and a fold change of ≥1.5 was applied, and a total of 4,506 peptide fragments ranging in size from 5 to 53 amino acid residues were identified in the six samples, with 220 differentially expressed peptides originating from 119 proteins. A total of 37 peptides were upregulated and 183 peptides were downregulated in the hypoxia group compared with the control group. Raw data have been uploaded to the public database: http://202.195.183.2/datacenter/. Differentially expressed peptides were visualized using a heatmap (Fig. 3B) .
Features of differentially expressed peptides
We initially explored the MW, pI and the distribution of MW versus pI distribution of the differentially expressed peptides (Fig.  4A-F) . The MW varied between 0.5-4 kDa and pI values also varied over a wide range. The MW of most upregulated peptides was between 0.5-1.4 and 2.0-2.9 kDa, whereas most downregulated peptides fell into the 0.7-1.3 kDa range. The pI values were similar, except a higher proportion of upregulated peptides fell into the 3-4 range.
Analysis of cleavage patterns
We next searched for cleavage sites in all differentially expressed peptides to investigate possible functional changes in cardiomyocytes exposed to hypoxia/ischemia (Fig. 5A and 5B). According to the accepted nomenclature [20] , the left side (i.e. C-term) and the right side (i.e. N-term) were named as P1 and P1', respectively. In upregulated peptides, the dominant amino acids of P1 and P1'were phenylalanine (F) and alanine (A), while in downregulated group they were asparagine (N) and glycine (G).
GO and pathway analysis
To preliminary explore the potential functions of those dys-regulated peptides in cardiomyocytes under hypoxic-ischemia condition, GO and pathway analysis were carried out base on of their protein precursors. In a search of the cellular component category, vesicle, ribosomal subunit, adherens junction, myofibril, mitochondrial respiratory chain, cytochrome complex, sarcomere, mitochondrial inner membrane, nucleus and cytoskeleton were the most populated sub-categories (Fig. 6A) . For molecular function, protein binding, macromolecular complex binding, structural molecule activity, RNA binding, structural constituent of ribosome, nucleic acid binding, hydrogen ion transmembrane transporter The protein with the most fragments was myosin-7, a member of the myosin superfamily, and peptides were derived from the myosin-head and myosin-N (myosin N-terminal SH3-like) domains. In addition, 4 peptides were derived from the α-crystallin B chain (CRYAB), a small heat-shock protein (sHSP), which has been shown to perform a protective function in cardiomyocytes [21, 22] . The protein disulfide-isomerase (PDI) which has been proved to be a survival factor in ischemia also has two fragments [23] . 
Discussion
Our study is the first report on qualitative and quantitative comparison of differently expressed peptides in normal and hypoxia-exposed cardiomyocytes using differential peptidomics.
Although there is no available technology that can measure all peptides at present, our study has been identified 4,506 peptide fragments, which is far more than other peptidomics studies [6, 24] . To ensure the purity of extracted peptides, a 10 kDa MWCO membrane which could be capable of removing most high molecular weight proteins without compromising peptide recovery was used during sample preparation.
Numerous studies have shown that proteases play a key role as regulators of disease development and progression in apoptosis [25] , cancer [26, 27] and inflammatory disorders [28] . Proteases also play a key role in the development of heart diseases. For example, matrix metallo proteinases contribute to the progression of left ventricular dysfunction and remodeling associated with chronic heart failure [29] . Cathepsins L may participate in the atherosclerotic process [30] . Prolyl-4-hydroxylase domain 3 impairs the myocardial response to ischemia [31] . In our database, some peptides with different abundances were derived from the same precursor protein. We think the phenomenon is mainly related to proteolytic processing. The proteases are important factors which regulate the levels of proteins or peptides. In many cases, the protease specificity is reflected by the cleavage events catalysed by the enzyme. Moreover, the biological function of cleavage products such as the peptides identified in this study can be greatly influenced by the precise position of the protease cleavage site [32, 33] . Hence, we analysed the cleavage sites in all differentially expressed peptides (Fig. 4) . In total, 20 amino acids differed in the identified cleavage sites, indicating that proteases cleave proteins according to specific rules.
Gene Ontology generates dynamic results for many eukaryotes that are useful despite the fact that our knowledge is accumulating and changing rapidly [34] . GO analysis of our results revealed that the main cellular component of many of the identified peptides was associated with hypoxic ischemia. For example, mitochondrial respiratory chain, mitochondrial inner membrane, cytochrome complex were highly abundant. This is understandable because under hypoxic conditions, mitochondria represent a threat to the cell due to their capacity to generate toxic reactive oxygen species (ROS) at complexes I and III of the electron transfer chain (ETC), and which are a known feature of ischemia [35] [36] [37] [38] .
Canonical pathways were generated using IPA software (Fig. 6) , and "mitochondrial dysfunction" was identified as a highly prevalent term. EIF2 signalling had the highest -log(pvalue), and was clearly affected by hypoxia/ischemia in CMs. EIF2 signalling is involved in endoplasmic reticulum (ER) stress, and the ER-dependent apoptotic pathway is one of the mechanisms by which hypoxic injury is induced in cardiomyocytes [17, 39, 40] .
In many cases, segmental functional peptides play part of the biological function similar to their precursor proteins [41] [42] [43] . We selected 9 protein precursors closely related to cardiomyocyte structure or AMI from the 119 precursor proteins identified, and listed the differentially expressed peptides that were derived from functional domains in these proteins. Many of the precursor proteins are known to be important in cardiomyocytes, including Myosin-7, Myosin-6 and the unconventional myosin-IXb, which accounted for 12 of the identified peptides [44, 45] . A further 4 peptides were derived from α-crystallin B chain (αB-crystallin, CRYAB), which is abundant in cardiac tissue. These peptides were from the HSP24-like, HSP20-like, HSP22-like and HSP23-like chaperones, respectively. In a previous study, overexpression of αB-crystallin using an adenovirus vector system protected adult cardiomyocytes and neonatal cardiomyocytes against ischemic injury [46] . Furthermore, αB-crystallin functions as a regulatory switch to modulate apoptosis in CMs by influencing mitochondria and the ER during cardiac hypertrophy and myocardial infarction [47] .
The peptides 97-130 (GVRGYPTIKFFKNGDTASPKEYTAGREADDIVNW) and 262-277 (FLPKSVSDYDGKLSNF) also caught our attention, since they are both derived from protein disulfide-isomerase (PDI), from the thioredoxin_1 and thioredoxin_6 domains, respectively. AMI can alter the workload of the ER, and ER stress can stimulate the unfolded protein response (UPR) in an attempt to balance the protein folding capacity, while destructive pathways can be activated to maintain ER homeostasis. Failure to rebalance protein folding activity in the ER can lead to apoptosis and cell death [23, 48, 49] . PDI is a member of the thioredoxin superfamily and is mainly located in the ER where it exhibits linked but independent oxidoreductase and chaperone activities. PDI is critical for the UPR and the prevention of misfolding during myocardial ischemic injury. PDI is upregulated following hypoxia as part of the survival response to oxygen deprivation, and overexpression of PDI correlates with a decrease in cell death following AMI [23, [50] [51] [52] . PDI is therefore a survival factor in cardiomyocyte ischemia. We therefore predict that 97-130 (GVRGYPTIKFFKNGDTASPKEYTAGREADDIVNW) and 262-277 (FLPKSVSDYDGKLSNF) may be protective factors against hypoxia.
In summary, our differential peptidomics study is the first to qualitatively or quantitatively compare peptides in normal and hypoxic ischemia-exposed cardiomyocytes. The results suggest that numerous peptides may be involved in AMI, and provides insight for future functional analysis. Further investigations are needed to uncover the molecular mechanisms and biological functions of these peptides and their relevance to AMI.
